A novel enzyme which may be important in mucin degradation has been discovered in the mucin-utilizing anaerobe Prevotella strain RS2. This enzyme cleaves terminal 2-acetamido-2-deoxy-␤-D-glucopyranoside 6-sulfate (6-SO 3 -GlcNAc) residues from sulfomucin and from the model substrate 4-nitrophenyl 2-acetamido-2-deoxy-␤-D-glucopyranoside 6-sodium sulfate. The existence of this mucin-desulfating glycosidase (sulfoglycosidase) suggests an alternative mechanism by which this bacterium may desulfate sulfomucins, by glycosidic removal of a sulfated sugar from mucin oligosaccharide chains. Previously, mucin desulfation was thought to take place by the action of a specific desulfating enzyme, which then allowed glycosidases to remove desulfated sugar. Sulfate removal from sulfomucins is thought to be a rate-limiting step in mucin degradation by bacteria in the regions of the digestive tract with a significant bacterial flora. The sulfoglycosidase was induced by growth of the Prevotella strain on mucin and was purified 284-fold from periplasmic extracts. Tryptic digestion and sequencing of peptides from the 100-kDa protein enabled the sulfoglycosidase gene to be cloned and sequenced. Active recombinant enzyme was made in an Escherichia coli expression system. The sulfoglycosidase shows sequence similarity to hexosaminidases. The only other enzyme that has been shown to remove 6-SO 3 -GlcNAc from glycoside substrates is the human lysosomal enzyme ␤-N-acetylhexosaminidase A, point mutations in which cause the inheritable, lysosomal storage disorder Tay-Sachs disease. The human enzyme removes GlcNAc from glycoside substrates also, in contrast to the Prevotella enzyme, which acts on a nonsulfated substrate at a rate that is only 1% of the rate observed with a sulfated substrate.
A barrier of mucus covers the surface of the gastrointestinal tract. It is believed that this barrier protects the underlying cells from damage by endogenous bacterial enzymes, toxins, extremes of pH, and harmful molecules. The main structural components of the mucus layer are the secretory mucins. Mucins are polymerized, high-molecular-weight glycoproteins with many oligosaccharide side chains attached to a central peptide core by O-glycosidic linkages, and they form a viscous, hydrated mucus gel at the mucosal surface (13) . The mucins can be lost from the mucus layer by sloughing, by the slow action of endogenous proteases, and by the action of enzymes from certain gut bacteria. A number of specific glycosidases and proteinases, probably originating from several different bacteria, are required for the complete degradation of mucins (16) .
In the colon the secreted mucins have oligosaccharide side chains that are more heavily sulfated (14) than the side chains of the secreted mucins in regions of the digestive tract with lower bacterial numbers. There is evidence that this sulfation of mucins makes them less susceptible to degradation by bacterial glycosidases, and thus the protective barrier is thought to remain more intact (7, 14, 16, 25) . However, some bacteria possess mucin-desulfating sulfatases which desulfate sulfomucin, allowing glycosidases to access and act on the mucins. The mucin-desulfating sulfatases that have been described include sulfatases specific for the ␤-D-galactopyranosyl 3-sulfate, ␤-Dgalactopyranosyl 6-sulfate, and 2-acetamido-2-deoxy-␤-D-glucopyranosyl 6-sulfate (6-SO 3 -␤-GlcNAc) building blocks of the oligosaccharide chains (26, 28, 29) .
We recently discovered a new enzyme in the anaerobic colon bacterium Prevotella strain RS2 which desulfates mucin by a different mechanism. This enzyme removes the sulfated sugar 6-SO 3 -␤-GlcNAc by glycosidic bond cleavage, suggesting that during the degradation of sulfated mucin oligosaccharide side chains, the removal of a 6-SO 3 -␤-GlcNAc residue by a sulfatase followed by an N-acetylglucosaminidase could be bypassed by the action of a single enzyme. We termed this enzyme a sulfoglycosidase (SGL) . No enzyme with this specificity has been described previously from a bacterial source. Currently, only one other enzyme, the human lysosomal enzyme subunit ␤-N-acetylhexosaminidase A, is known to remove 6-SO 3 -␤-GlcNAc from glycoside substrates (10) . This protein has been extensively studied, as point mutations in it cause the inheritable, autosomal, recessive, lysosomal storage disorder TaySachs disease (10, 24) .
In this paper we describe the discovery and purification of SGL from Prevotella strain RS2, cloning of the gene, and expression of a recombinant enzyme. The specificity of the recombinant SGL was also characterized, and other anaerobic gut bacteria were screened for the presence of SGL activity.
MATERIALS AND METHODS
Bacterial culture. Prevotella strain RS2 was originally isolated from pig colonic mucosa and was selected for its ability to grow on colonic mucin as an energy source (22) . It was grown at 37°C in broth culture anaerobically under CO 2 by using a basal medium modified from medium 10 (4, 17) and supplemented with either 0.2% (wt/vol) galactose or 0.3% pig gastric mucin (PGM) (described below) as an energy source. After four subcultures on PGM-supplemented medium, the bacterium was grown overnight in 500 ml of medium.
Pig gastric mucin preparation. Stomach mucus gel was gently scraped from the body region of washed pig stomachs and stored at Ϫ20°C until it was needed. PGM was prepared by solubilizing mucus from the harvested gel and precipitating the crude mucin with ethanol. Each batch of mucus (100 ml) was mixed with 200 ml of KCl (0.1 M) and 7.5 ml of potassium phosphate buffer (1 M, pH 7.0), and the pH was readjusted to 7.0. The preparation was heated at 80°C for 40 min under N 2 ; then cysteine-HCl (0.05%, wt/vol) was added, and the preparation was incubated for a further 15 min to reduce the disulfide bonds between mucin subunits. After cooling, the mixture was centrifuged (160 ϫ g, 5 min), and the supernatant containing solubilized mucin was precipitated by addition of ethanol to a concentration of 70% (vol/vol). The precipitate was centrifuged, suspended in distilled water, and freeze-dried. The crude PGM was used as a bacterial growth substrate.
A purer preparation of pig gastric mucin, PGM t , was prepared for studies of cleavage of sulfated sugar from mucin. This mucin was prepared as previously described (19, 21 ) by 2-mercaptoethanol reduction to reduce disulfide linkages, DNase treatment, and trypsin treatment to cleave the mucin chain at regions with low glycosylation. The pig stomach mucus used was harvested from the fundus region, as fundal mucin is more heavily sulfated than the mucin in the body region. PGM t is a preparation of soluble mucin subunits, which is suitable for enzyme studies and free from major contaminants.
Enzyme assays. SGL was assayed by measuring p-nitrophenol (pNP) release from 4-nitrophenyl 2-acetamido-2-deoxy-␤-D-glucopyranoside 6-sodium sulfate (6-SO 3 -␤-GlcNAc-1-pNP). This substrate was synthesized at Industrial Research Ltd., Lower Hutt, New Zealand (5). The substrate (1 mM 6-SO 3 -␤-GlcNAc-1-pNP) and buffer A (20 mM L-histidine buffer [pH 6 .0] containing 10 mM 2-mercaptoethanol) were incubated at 37°C with the SGL preparation in a 0.075-ml (final volume) mixture. Reactions were terminated after 15 to 45 min by addition of Na glycine (0.925 ml, 0.5 M, pH 9.6). Negative controls, in which SGL was added only after incubation and glycine addition, were included. The absorbance at 410 nm, due to free pNP, was determined, and the control value was subtracted. One unit of SGL activity was defined as production of 1 mol of pNP min Ϫ1 . Kinetic measurements were obtained by using four preparations of recombinant SGL. The K m and V max values calculated from the most extensive data set are presented below. Ten data points obtained by using substrate concentrations between 0.5 and 10 mM were computer fitted to the Michaelis-Menten equation, and 90% confidence ranges for K m and V max were determined. During column chromatography, SGL fractions were assayed in 96-well Nunc microwell plates. Substrate (0.005 ml), buffer A (0.04 ml), and 0.001 to 0.01 ml of a column fraction were added to a well and incubated for 30 min. Na glycine (pH 9.6, 0.17 ml) was added to stop the reaction by pH change, and the absorbance at 410 nm was determined. The data were used to identify active fractions.
Sulfatase (MdsA) activity was assayed with 6-SO 3 -␤-GlcNAc-1-pNP plus the auxiliary enzyme hexosaminidase at pH 7.4 (18) or by using the coupled glucose oxidase assay (17) . Hexosaminidase activity was measured as described above for SGL, except that p-nitrophenyl 2-acetamido-2-deoxy-␤-D-glucopyranoside (␤-GlcNAc-1-pNP) was used as the substrate. Protein was measured by the dyebinding method of Bradford (3), using bovine serum albumin as the standard.
Sulfoglycosidase purification methods. Prevotella strain RS2 cells were collected by centrifugation and washed, and periplasmic extracts in 50 mM Tris-HCl buffer (pH 7.0) containing 10 mM 2-mercaptoethanol were made by using a method based on the method of Witholt et al. (27) . A protease inhibitor cocktail tablet (one Complete Mini tablet per 10 ml of extract; Roche Diagnostics Corp., Indianapolis, Ind.) was added. The periplasmic extract was fractionated by ammonium sulfate precipitation, and the protein which precipitated between 50 and 75% ammonium sulfate saturation was redissolved in buffer A and dialyzed against three changes of 500 ml of buffer A. The extract was chromatographed on a Q Sepharose Fast Flow anion-exchange column (bed volume, 20 ml; Amersham Pharmacia Biotech, Uppsala, Sweden) in buffer A, using an NaCl gradient (0 to 0.25 M, 350 ml). By using hydroxyapatite prepared by the procedure of Bernadi (2), the major SGL activity peak was fractionated on a hydroxyapatite column (bed volume, 5 ml; containing 50% [vol/vol] Sephadex G-25 to improve the flow rate) preequilibrated with buffer A. After the SGL sample was loaded, the column was washed with buffer A (30 ml) and eluted with a linear gradient of sodium phosphate buffer (0 to 0.3 M, pH 6.0) in buffer A (300 ml).
Electrophoresis. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of proteins was performed on a 10% polyacrylamide gel (12) , and this was followed by staining with Coomassie brilliant blue.
Sequence analysis of peptides. The larger SGL peak eluting from the hydroxyapatite column was subjected to SDS-PAGE, and the major band (100 kDa) was excised. N-terminal sequencing of selected tryptic peptides was performed as previously described (28) .
Molecular techniques. PCR (20) and inverse PCR (15) amplifications were conducted by standard methods, using genomic DNA from Prevotella strain RS2 as the template. The genomic DNA was isolated under anaerobic conditions until the DNA extraction step, as this minimized DNA damage due to an oxygen-activated endogenous DNase. PCR products were cloned into the pGEM-T Easy vector (Promega Corp., Madison, Wis.). Sequencing of inserts was performed by automated sequencing. Full-length sgl DNA sequences were constructed from overlapping fragments of DNA sequenced in both directions.
Molecular cloning of sulfoglycosidase gene and expression in Escherichia coli. The putative sgl gene, including its leader sequence, was amplified by PCR by using primers JR18F (5Ј GGG AAT TCC ATA TGA AAA AAC TGT GTT TTG CAC 3Ј; bases Ϫ11 to 22 of the sgl gene modified to contain an NdeI site) and JR19R (5Ј CCG GCT CGA GCT TCA TAA ACA CCT TCT GGG C 3Ј; bases 2703 to 2683 of the sgl gene modified to contain a XhoI site). The product was digested with NdeI and XhoI and ligated into pET-22b(ϩ) (Novagen Inc., Madison, Wis.), and the plasmid containing the insert was used to transform E. coli DH5␣ (Invitrogen, Carlsbad, Calif.). E. coli BL21(DE3), which had been pretransformed with pRI592 (8) to provide rare tRNAs, was further transformed with isolated pET-22b(ϩ) containing the sgl insert, and transformants containing both plasmids were selected on Luria-Bertani agar containing ampicillin and chloramphenicol. Colonies were grown for 4 h in 1.5 ml of Luria-Bertani broth (20) containing ampicillin (50 mg liter Ϫ1 ) and chloramphenicol (34 mg liter Ϫ1 ). Enzyme expression was induced for 3 h by adding 0.4 mM isopropyl-1-thio-␤-Dgalactopyranoside (IPTG). Pelleted cells were suspended in buffer A, and SGL was assayed in the cell suspension.
A second DNA construct containing the putative sgl gene, without its signal sequence, was amplified from genomic DNA by PCR. The primers used were JR26F (5Ј GTA TGC TAC ATG TCG CAG ACG ATA ACA ACC TAC AGT C 3Ј; bases 58 to 79; modified to contain a BspLU11I site) and JR19R. The PCR product was digested with BspLU11I and XhoI. Vector pET-22b(ϩ) was digested with XhoI, NcoI (giving a cohesive end with BspLU11I), and EcoRI (to cut the excised 128-bp plasmid fragment). The PCR product was ligated into the plasmid and used to transform E. coli DH5␣ (Invitrogen). This construct excluded the leader sequence of Prevotella SGL and replaced it with the E. coli pelB leader sequence for periplasmic translocation.
A hexahistidine tag was present at the C terminus of both sgl constructs. E. coli BL21(DE3), pretransformed with pRI592 as described above, was transformed with isolated pET-22b(ϩ) containing one of the putative sgl insert constructs, and transformants containing both plasmids were selected. Cells were then grown and the recombinant protein was expressed as described above.
Purification of recombinant sulfoglycosidase. BL21(DE3) recombinants were grown in 1 ml of Luria-Bertani broth containing ampicillin and chloramphenicol for 12 h at 28°C. An inoculum (0.5 ml) was added to 500 ml of fresh medium and grown to an absorbance at 600 nm of 0.7. Recombinant SGL was induced by addition of IPTG (0.5 mM), and incubation was continued for 16 h. The harvested cells were sonically disrupted, and the debris was removed by centrifugation. Recombinant SGL was purified by Ni-nitrilotriacetic acid (NTA) adsorption and elution with imidazole buffer, hydroxyapatite column chromatography, and Q Sepharose column chromatography at 4°C. The purified enzyme was concentrated by using a 10-kDa-cutoff membrane filter (Vivaspin 6) at 4°C.
Sulfomucin reaction with sulfoglycosidase and paper chromatography of products. PGM t (5 mg) was incubated with recombinant SGL (0.5 U) in 0.5 ml of buffer A for 4 h at 37°C. High-molecular-weight mucin and the enzyme were removed by filtration (10-kDa cutoff). The filtrate was freeze-dried, resuspended in 0.02 ml of water, and then spotted on Whatman no. 1 filter paper. Suitable controls (no enzyme, no substrate, and buffer alone) were included. Sugar standards were also spotted. Ascending chromatography was carried out by using one of the following solvent systems to develop each chromatogram, as described below: system A (1-butanol-acetic acid-1 M NH 4 A sulfated sugar product from an identical incubation was located by cutting the chromatography paper after development and staining the lane at its edges. It was eluted from the paper by water capillary action. After concentration, it was incubated with recombinant mucin-desulfating sulfatase (MdsA) (28) under suitable conditions. The new product was filtered, concentrated, and run on a paper chromatogram, and its identity was determined.
Synthesis of methyl 2-acetamido-2-deoxy-6-O-sulfamoyl-␤-D-glucopyranoside. Calcium carbonate (77 mg, 0.77 mmol) was added to a stirred solution of methyl 2-acetamido-3,4-di-O-acetyl-2-deoxy-␤-D-glucopyranoside (1) (53 mg, 0.17 mmol) in anhydrous N,N-dimethylformamide (1 ml) under argon. Sulfamoyl chloride (11) (65 mg, 0.56 mmol) was added, and the mixture was stirred at the ambient temperature overnight. The solids were filtered off and discarded, and the filtrate was evaporated to a yellow oil, which was dissolved in a 2 M methanolic ammonia solution and left at the ambient temperature overnight. The solvent was evaporated, and the residue was purified by flash chromatography on silica (CH 2 Cl 2 -methanol-H 2 O, 14:5:1) to obtain the title compound as a colorless slightly hygroscopic solid (31 mg, 59% 4 Si, ␦ 0] or at 75.5 MHz ( 13 C) in CD 3 OD (center line at ␦ 49.2). The 13 C spectra gave unambiguous data for the numbers of protons bound to each carbon atom; these data were expressed as s, d, t, and q, which were the multiplicities expected in C, H undecoupled spectra. The high-resolution ϩve fast atom bombardment mass spectrometry determination was performed with a VG70-250S double-focusing, magnetic sector mass spectrometer (VG Analytical) in a nitrobenzyl alcohol matrix.
SGL activity screening in closely related anaerobic gut bacteria. Bacterial strains from anaerobic stabs were subcultured twice for 16 h in 1 ml of modified medium 10 (as described above) supplemented with 0.2% (wt/vol) PGM plus 0.07% galactose as energy sources under a CO 2 atmosphere. Cells from the second subculture were harvested by centrifugation (5,000 ϫ g, 5 min), suspended in 0.2 ml of 50 mM histidine buffer (pH 5.5) containing 10 mM 2-mercaptoethanol (buffer B), and broken by five 10-s sonication treatments with a microprobe, with intervals of cooling on ice between treatments. The broken cells were separated by centrifugation (10,000 ϫ g, 5 min) into a soluble extract and a pellet of damaged cells and membranes (which was resuspended in 0.2 ml of buffer B). One-half of each fraction was incubated (0°C for 16 h) with 0.5 mM methyl 2-acetamido-2-deoxy-6-O-sulfamoyl-␤-D-glucopyranoside (6-SO 2 NH 2 -␤-GlcNAc-1-Me). Studies of Prevotella strain RS2 MdsA sulfatase, performed by using the glucose-6-sulfatase assay (17), which is not interfered with by SGL activity, and studies of pure recombinant MdsA sulfatase expressed from Bacteroides thetaiotaomicron (28) indicated that 0.5 mM 6-SO 2 NH 2 -␤-GlcNAc-1-Me inhibits MdsA more than 99% after overnight preincubation. In contrast, recombinant SGL incubated for a similar time with this concentration of inhibitor showed only 25 to 40% inhibition (unpublished data).
SGL and sulfatase activities were measured in a 96-well microwell plate by incubating 0.003 ml of uninhibited extract (or suspended particulate fraction) with 6-SO 3 -␤-GlcNAc-1-pNP (1 mM), buffer B, and added auxiliary hexosaminidase (0.001 U of an Aspergillus oryzae extract; Sigma G7138) in a 0.19-ml (final volume) mixture for 60 min at 37°C. SGL activity alone was measured in a similar incubation experiment by using inhibitor-treated extract. The incubations were stopped by adding 0.23 ml of 0.5 M sodium glycine (pH 9.6). The difference between the measurements gave an indication of the sulfatase activity at pH 5.5, after partial inhibition of the SGL was taken into account.
Nucleotide sequence accession number. The nucleotide sequence of the sgl gene plus upstream and downstream sequences has been deposited in the GenBank database under accession number AY158021.
RESULTS
Discovery of sulfoglycosidase activity. The SGL activity was discovered in periplasmic extracts of Prevotella strain RS2 when the rather cumbersome assay initially used to purify the mucin-desulfating sulfatase (MdsA) (17, 28) , involving glucose-6-sulfate desulfation followed by estimation of the free glucose released by using glucose oxidase, was replaced with a simpler coupled assay involving 6-SO 3 -␤-GlcNAc-1-pNP desulfation and subsequent pNP release from the ␤-GlcNAc-1-pNP by added hexosaminidase (18) . It became apparent that a previously undetected enzyme, acting on 6-SO 3 -␤-GlcNAc-1-pNP, was present in fractions purified from periplasm. Preliminary experiments showed that this enzyme did not require added hexosaminidase to release pNP from 6-SO 3 -␤-GlcNAc-1-pNP, had no sulfatase activity as determined by the glucose-6-sulfate desulfation assay above, had a different molecular size than MdsA, was not very sensitive to MdsA inhibitors, and had a different pH optimum than MdsA (data not shown). Clearly, it was not the known mucin-desulfating sulfatase, MdsA.
A comparison of the SGL activities in cytoplasmic and periplasmic fractions prepared from mucin-grown cells revealed 44-fold-higher activity in the latter fraction, in contrast to the cytoplasmic enzyme malate dehydrogenase activity, which was 6-fold higher in the former fraction (data not shown).
Purification of sulfoglycosidase. Periplasmic extract was prepared from Prevotella strain RS2 cultured in 500 ml of basic medium supplemented with 0.3% (wt/vol) pig gastric mucin. The extract was fractionated with ammonium sulfate (pH 6), and the proteins precipitating between 50 and 75% saturation were collected and dialyzed to remove salts ( Table 1 ). The concentrated proteins were separated by anion-exchange chromatography on Q Sepharose (pH 6). This step separated SGL into several peaks with activity, and the major peak was selected. The activity in this fraction showed 98-fold purification and contained 40% of the SGL applied to the column. Q Sepharose fractions were also assayed for hexosaminidase and sulfatase activities in parallel, and these activities separated well from the major SGL peak, indicating that sequential actions of these enzymes did not result in apparent SGL activity. Next, the major SGL fraction was chromatographed on a hydroxyapatite column. A small peak of SGL activity eluted at 60 mM phosphate (peak A, 5.7 U mg of protein Ϫ1 ) and was well separated from a large peak of SGL activity at 150 mM phosphate (peak B, 19.4 U mg of protein Ϫ1 ). The latter fraction represented 284-fold purification compared with the periplasmic extract (Table 1 ). Pooled fractions from peaks A and B were electrophoresed on an SDS-PAGE gel and stained with Coomassie brilliant blue, which resulted in major bands at 65 and 100 kDa, respectively (Fig. 1a) . Several minor bands were detected in each fraction. Since more activity was present in peak B, this peak was selected for further work. In-gel digestion of the 100-kDa band with trypsin was performed, followed by high-performance liquid chromatography separation of peptides and sequencing of likely peptides. Only two of the five peaks analyzed gave clear peptide sequences longer than seven amino acids (the rest of the sequences were short sequences or mixed peptide sequences that were later found in the complete sequence). Peak T27 had the sequence T(X)GFNT(E,A)GIT NP, and peak T29 had the sequence (T)VQGTF(X)TEHV (where the amino acids in parentheses are uncertain). Neither of these peptide sequences was found in a Swiss-Prot protein database search.
PCR and inverse PCR amplification. Degenerate forward and reverse primers were designed from the sequences described above.
Primers JR8F (5Ј-CA[A/G]GGIACITT[C/T]III ACIGA[A/G]CA[C/T]G-3Ј) and JR7R (5Ј-GT[A/G/T]ATICC I[G/T]CIGT[A/G]TT[A/G]AAICC-3Ј
) gave a 600-bp product after PCR when anaerobically isolated Prevotella strain RS2 genomic DNA was used as the template. The translated open reading frame showed homology to hexosaminidases in protein databases, as anticipated from the SGL's specificity for sulfat e-substituted N-acetylglucosamine, linked by a glycosidic bond.
The genomic DNA sequences flanking the 600-bp product were amplified by inverse PCR by using the following primers based on nucleotides in the 600-bp product: JR10F (5Ј-ATG GGTCATCACCAAGATCGC-3Ј; nucleotides 2406 to 2426 in the final gene sequence) and JR11R (5Ј-GCCAGGTACTCC AAGTATTCG-3Ј; nucleotides 1866 to 1886). When these primers were used for inverse PCR with MseI-digested genomic DNA fragments circularized by ligation as the template, a 2.2-kb product was obtained. This product plus the original 600-bp sequence revealed a 2,703-bp open reading frame encoding a 901-amino-acid protein that included a leader sequence (amino acids 1 to 19) for translocation (Fig.  2) . A DNA sequence 598 bp upstream of the putative sgl gene was obtained by inverse PCR by using a circularized Sau3AI-generated template and primers designed from the 5Ј end of the putative gene. All six reading frames in this region contained frequent stop codons. A 167-bp sequence downstream from the putative sgl gene was generated by inverse PCR by using a circularized PstI-generated template and primers designed from the 3Ј end of the putative gene. This sequence also contained frequent stop codons in all frames. The putative sgl gene was sequenced in both directions.
CAZy family homology of the SGL sequence. When the National Center for Biotechnology Information BLAST protein search engine was used to examine the Swiss-Prot database, the 901-amino-acid sequence of the Prevotella putative SGL showed high levels of homology to many ␤-N-acetylglucosaminidases. The sequences were aligned by ClustalW analysis of the EMBL-EBI database. The highest levels of homology were with three gene sequences from B. thetaiotaomicron (the sequence for database accession number NP_813305 is shown in Fig. 2 ) and a previously characterized ␤-hexosaminidase from Porphyromonas gingivalis (accession number PO6865) (data not shown). An InterProScan sequence search of the EMBL-EBI database showed that the Prevotella putative SGL belongs to CAZy glycoside hydrolase family 20 (GH20 family) (EC 3.2.1.-.) on the basis of sequence homology. The members of this family that have been characterized are ␤-hexosaminidases (EC 3.2.1.52) or lacto-N-biosidases (EC 3.2.1.140).
The Prevotella putative SGL also showed 29% identity with residues 104 to 519 of the Homo sapiens lysosomal enzyme ␤-N-acetylhexosaminidase subunit A (Fig. 2) , and the sequence indicated that this enzyme is also in the GH20 family. This enzyme can cleave the glycosidic bonds of both 2-acetamido-2-deoxy-␤-D-glucopyranosyl and 6-SO 3 -␤-GlcNAc residues (10) .
Cloning and expression of the sulfoglycosidase gene in E. coli. The putative sgl gene, including its own leader sequence, was amplified by PCR by using primers JR18F and JR19R and was inserted into pET-22b(ϩ). Recombinant protein with a C-terminal hexahistidine tag was expressed in E. coli strain BL21(DE3) by IPTG induction. Cell lysate showed an inducible band at 100 kDa but only low levels of SGL activity. Most of the induced protein had a lower molecular weight, probably because of the action of endogenous proteases in E. coli BL21(DE3) and possibly because the Prevotella leader se- Table 1 on October 15, 2017 by guest http://jb.asm.org/ quence, which was needed for translocation, was not recognized in this host (data not shown).
Another construct was made, in which the E. coli pelB leader sequence in pET-22b(ϩ) was used to replace the natural sgl leader sequence. Genomic DNA was amplified by using primers JR26F and JR19R, and the product was ligated into pET22b(ϩ). Recombinant protein with a C-terminal hexahistidine tag was expressed in E. coli strain BL21(DE3) by IPTG induction. Two additional amino acids were present at the N terminus of this recombinant protein after signal sequence cleavage, and the new sequence began with MTQTI. The induced recombinant protein, expressed as a 100-kDa protein in the periplasm, was stable and had good SGL activity (Fig. 1b and Table 2 ).
Properties of the recombinant sulfoglycosidase. The recombinant protein was expressed only during IPTG induction. Cell extract obtained after sonic disruption was purified by Ni-NTA adsorption, hydroxyapatite chromatography, and ion-exchange (Q Sepharose) column chromatography. The pure recombinant SGL migrated as a single 100-kDa protein band on an SDS-PAGE gel (Fig. 1b) . The amount of recombinant SGL obtained after purification from a 500-ml batch culture was 0.98 mg of protein with a specific activity of 80 U mg of protein Ϫ1 , as determined by the standard assay for SGL. The pH optimum of SGL was 5.5 to 6.0. Kinetics measurements, obtained by using the purified recombinant SGL, 6-SO 3 -␤-GlcNAc-1-pNP as the substrate, and pH 6.0, resulted in a V max of 122 U mg of protein Ϫ1 (90% confidence range, 110 to 135 U mg of protein Ϫ1 ) and a K m of 0.18 mM (90% confidence range, 0.11 to 0.44 mM).
The substrate specificity of SGL was studied by using (sulfated) mono-and disaccharide model substrates with structures analogous to structures found in mucin oligosaccharide chains ( Table 2 ). The disaccharide substrate p-nitrophenyl 2-acetamido-2-deoxy-4-O-(␤-D-galactopyranosyl)-␤-D-glucopyranoside 6-sodium sulfate [4-(␤-Gal)-6-SO 3 -␤-GlcNAc-1-pNP], which was tested to determine whether the SGL can act as an endoglycosidase, did not exhibit glycosidic cleavage of the pNP. p-Nitrophenyl-␤-D-galactopyranoside 3-sulfate (3-SO 3 -␤-Gal-1-pNP) and p-nitrophenyl-␤-D-galactopyranoside 6-sulfate (6-SO 3 -␤-Gal-1-pNP) showed no glycosidic cleavage. ␤-GlcNAc-1-pNP (1 mM) was cleaved at a rate that was only 1% of the rate observed for 6-SO 3 -␤-GlcNAc-1-pNP (1 mM). Further investigation of the SGL kinetics by using ␤-GlcNAc-1-pNP as the substrate gave a V max of 15 U mg of protein Ϫ1 (90% confidence range, 11 to 19 U mg of protein Ϫ1 ) and a K m of 4.3 mM (90% confidence range, 2.6 to 12.1 mM), indicating that a decreased V max and an increased K m were responsible for the lower activity.
To establish whether 6-SO 3 -␤-GlcNAc residues present in sulfomucin oligosaccharide chains are substrates for the SGL, the purified recombinant enzyme was incubated with purified subunit pig gastric mucin (PGM t ) originating from the fundus region. After incubation, the high-molecular-weight molecules, including the enzyme, were removed by passage through a 10-kDa-cutoff filter, and the filtrate was concentrated by freeze-drying. The product was chromatographed on Whatman paper, using solvent system A, and the reducing sugars were visualized with the stain of Trevelyan et al. (23) . A single spot that comigrated with the 6-SO 3 -GlcNAc standard was found (Fig. 3) . Similar migration results were obtained when solvent systems B and C were used. An unstained band of this product was eluted from the paper with water, freeze-dried, incubated with recombinant mucin-desulfating sulfatase (MdsA) (28) , filtered to remove protein, concentrated, and examined again by paper chromatography. In this analysis the product comigrated with the GlcNAc sugar standard (data not shown). The results show that SGL removes terminally bound 6-SO 3 -␤-GlcNAc residues from mucin and thus has a mucindesulfating action.
Assay of sulfoglycosidase activity in closely related anaerobic gut bacteria. The list of bacteria belonging to the family Bacteroidaceae in which genes encoding members of the CAZy (23) . The spot at an R f of 0.62 occurs in all lanes containing material filtered through a dialysis membrane (cutoff, 10 kDa) (lanes 1 to 4) and is likely to be glycerin or a sulfur compound eluted from the membrane. To determine whether some of these putative ␤-hexosaminidases could in fact be SGLs, cell extracts from 13 selected gut anaerobic bacterial isolates were examined for enzyme activity using 6-SO 3 -␤-GlcNAc-1-pNP as the substrate. The sulfatase inhibitor 6-SO 2 NH 2 -␤-GlcNAc-1-Me (0.5 mM) completely inhibited Prevotella strain RS2 MdsA sulfatase activity after overnight incubation with the enzyme (unpublished results) when we used periplasmic extract, semipurified enzyme from the periplasm, and recombinant pure enzyme. Recombinant SGL incubated overnight with 0.5 mM 6-SO 2 NH 2 -␤-GlcNAc-1-Me showed less effect (20 to 40% inhibition) (unpublished results). The pNP released from 6-SO 3 -␤-GlcNAc-1-pNP was therefore measured in selected bacterial extracts after overnight incubation (0°C, pH 5.5) in the presence and absence of the sulfatase inhibitor described above at a concentration of 0.5 mM. After this treatment, the inhibitor was expected to completely inhibit Prevotella strain RS2 MdsA sulfatase activity, and the sulfatase would be well below its pH optimum (pH 7.4), and there would be only a minor effect on SGL activity. Prevotella strain RS2 extracts showed the expected release of pNP in the absence and in the presence of 6-SO 2 NH 2 -␤-GlcNAc-1-Me; under the latter conditions the level of inhibition was 20 to 40%, suggesting that most of the activity measured at pH 5.5 was due to SGL (Table 3) . B. fragilis fractions showed approximately one-half the activity after preincubation with the inhibitor (this represented the SGL-like activity) compared to Prevotella strain RS2. The localization of the former activity was mainly in the membrane fraction, and the level of 6-SO 2 NH 2 -␤-GlcNAc-1-Me inhibition was only 10% or less. Prevotella melaninogenica extracts showed measurable pNP release activity, and the levels were 5 to 10% of the levels seen with Prevotella strain RS2. This bacterium has a mucin-desulfating sulfatase (unpublished data), which is consistent with the finding that 54 to 77% of the pNP release was inhibited by 0.5 mM 6-SO 2 NH 2 -␤-GlcNAc-1-Me. B. thetaiotaomicron extracts also showed measurable but low pNP release (less that 10% of the activity seen in Prevotella strain RS2 extracts), but the incomplete inhibition by 6-SO 2 NH 2 -␤-GlcNAc-1-Me suggested that this release was probably due to an SGL-like activity (Table 3 ). These data should be considered qualitative or indicative at present, since the action of 6-SO 2 NH 2 -␤-GlcNAc-1-Me needs to be tested with purified sulfatases from bacteria other than Prevotella strain RS2 before it can be considered a reliable tool for detecting inhibition. The results indicate that SGL may be present in some other colon anaerobes belonging to the Bacteroidaceae.
Nine other isolates were examined for SGL-like activity. No measurable pNP release from 6-SO 3 -␤-GlcNAc-1-pNP was found when we used soluble extracts and membrane preparations from the following bacteria: Prevotella buccae ATCC 33577, Prevotella corporis ATCC 33547, Prevotella intermedia ATCC 25611 and WR 2122, Prevotella oralis ATCC 33269 and UI 0279, Prevotella bivia US 4025, Peptostreptococcus anaerobius ATCC 27337, and Peptostreptococcus asaccharolyticus ATCC 14963. The preparations were not preincubated with 0.5 mM 6-SO 2 NH 2 -␤-GlcNAc-1-Me since there was no activity to inhibit.
DISCUSSION
We report here the identification, characterization, purification, cloning, and expression of a novel enzyme that is able to remove sulfate from mucin oligosaccharide chains by glycosidic cleavage of terminal 6-SO 3 -␤-GlcNAc residues. The enzyme was found in Prevotella strain RS2, an anaerobic bacterium originally isolated from pig colon mucosa. We termed this enzyme a sulfoglycosidase and showed that it differs from the mucin-desulfating sulfatase, MdsA, that has been described previously. The SGL activity is not due to sequential action of MdsA and hexosaminidase. SGL is translocated to the periplasm, as shown by cell fractionation studies and by the presence of a periplasmic translocation motif at the N terminus of the translated product. At least one other fraction catalyzing SGL activity was detected during purification, and we have not investigated yet whether this fraction is a degradation product of the 100-kDa protein or is an isoenzyme.
SGL was tested for activity against a number of model sub- 
